The optimum photo-electron distribution from the cathode of an RF photoinjector producing a space charge dominated beam is a uniform distribution contained in an ellipsoid. For such a bunch distribution, the space charge forces are linear and the emittance growth induced by those forces is totally reversible and consequently can be compensated. With the appropriate tuning of the emittance compensation optics, the emittance, at the end of photoinjector beamline, for an ellipsoidal laser pulse, would only have two contributions, the cathode emittance and the RF emittance. For the peak currents of 50A and 100 A required from the SBand and L-Band RF gun photoinjectors discussed here, the RF emittance contribution is negligible. If such an ellipsoidal photo-electron distribution were available, the emittance at the end of the beamline could be reduced to the cathode emittance. Its value would be 1 reduced by more than 40% from that obtained using cylindrical shape laser pulses. This potentially dramatic improvement warrants review of the challenges associated with the production of ellipsoidal photo-electrons. We assume the photo-electrons emission time to be short enough that the ellipsoidal electron pulse shape will come directly from the laser pulse.
INTRODUCTION
The lower limit of the emittance of an electron bunch emitted from the photocathode of an RF gun is the "cathode emittance". The "cathode emittance" is the product of the rms beam size and the rms transverse momenta of the photo-electron distribution as it is born at the cathode. According to the Liouville's theorem, the emittance is preserved during transport.
However, during transport along a beamline, the different temporal slices of the bunch are subject to forces of different amplitude. The total emittance grows because of this evolving mismatch between slices. The mismatch coefficient ξ i relates the Twiss parameters of temporal slice i with those of the total bunch (labeled tot) as follows: For bunch charges at the nC level, appropriate to X-Ray-FELs, the "cathode emittance"
accounts for half of the total emittance. Of the two other contributions, which combine with the "cathode emittance" in quadrature, the space charge induced emittance and the RF emittance, the RF term is negligible. This statement is valid for cylindrical shape laser pulse.
By use of ellipsoidal laser pulse shapes, one suppresses the non-linear space charge forces and related irreversible emittance growth. The total emittance is then reduced by close to 50% relative to that obtained with a cylindrical pulse shape. The ellipsoidal distribution affords reduction of cathode emittance by decreasing the radius because the bunch can tolerate the higher charge density. For the LCLS injector, the slice emittances which are all above 0.9 mm-mrad for the cylindrical shape are all smaller than 0.6mm-mrad for the ellipsoidal shape as shown in figure. 1a. For the TTF2 injector, results are similarly impressive where all the slices exceed 1.1 mm-mrad for the cylindrical shape and below 0.7 mm-mrad for the ellipsoidal shape as shown figure 2a.
If this improvement were realized in the X-Ray FEL injectors, the saturation length would be reduced by 15%, following the standard [1] scaling, which states that the gain length scales like the third power of the slice emittance. A full start-to-end simulation remains to be done.
The linear longitudinal phase space, see in figure 1d and the overall improved emittance match between slices and the very small emittance of the head and tail slices, in contrast to the cylindrical case, should also improve the performances and facilitate the tuning of the XRay FELs.
Currently, the cylindrical shape is the one of choice for photoinjector drive lasers. The first part of the paper presents the benefits of the ellipsoidal compared with the cylindrical distribution in terms of electron beam dynamics. In the second part, we consider the challenges associated with generating ellipsoidal laser pulses with three different concepts.
THEORY-PERFECT EMITTANCE COMPENSATION

2-1 Emittance compensation
Emittance compensation in photoinjectors corrects for linear space charge effects. [2] has shown that slice mismatches can be minimized with the appropriate choice of fields and location of the solenoid plus accelerator structure. It has also been suggested that one could compensate for non-linear forces by using non-linear optical components [3] [4] .
Alternatively, one can suppress the non-linear space charge force components at birth, using uniform intensity distribution that is contained in an ellipsoidal volume, as described in equation (2) . It is well known that for an ellipsoid with uniform charge density, the space charge force is linear [5] [6] [7] . A bunch that is subject to linear forces will accordingly evolve keeping an ellipsoidal shape with a uniform charge density inside that volume. It should be noted that, a recent study [8] shows that starting from a very flat charge pancake at the photocathode surface an ellipsoidal electron bunch could be self-generated, but this requires transport of higher peak intensity to the photocathode which can be problematic. In this paper, we assume that the laser pulse itself would have the ellipsoidal shape and we avoid the highest intensity laser transport issue.
2-2 Pulse Description
The ellipsoidal distribution is characterized with a constant charge density ρ(x,y,z) inside a volume that is bound by the following ellipsoid of equation (2) where R is the maximum radius and L the half of the total bunch length.
The line density charge distribution is ( )
The maximum radius follows the equation of a semi-circle
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The rms radius along the pulse length is ( )
If we ignore the Shottky effect and assume a zero response time for photo-electrons generation, the photo-electron pulse is identical in shape to the laser pulse and the requirement on the laser pulses is: a slice laser fluence, J δ that is uniform in space, constant along z and within a disk limited by some z dependent maximum radius,
The intensity I(r,z) and the power P(z) can then be written
( ) ( )
The slice fluence is then ( ) ( ) t
If we make ( ) z r max parabolic then we have:
This means that the longitudinal envelope for intensity is a rectangular shape and the longitudinal power envelope is parabolic according to the z variation of ( ) z r max . Also, then the longitudinal envelope of volume space charge density is rectangular but that of the linear charge density is parabolic.
By contrast, for the cylindrical laser pulse shape the maximum profile radius, r max is constant along z so both the intensity and longitudinal power envelopes are rectangular. Furthermore, those envelopes for both the volume and linear space charge densities are also rectangular.
2-3 Beam Dynamics
The radial and longitudinal electric fields to which a particle at (z,r) is subjected are given by
The electrical field is independent of the position z along the bunch. The solenoid compensation can then be perfect. For the cylindrical laser shape, the electric field will depend on the longitudinal position. 
2-3 Multiple contributions to total emittance
After emittance compensation, the total emittance writes 
2-3-1 Cathode emittance
The "thermal emittance" can be computed based on the laser energy and the surface barrier potential, and the electron affinity for the semi-conductor cathode material. The "thermal emittance" per unit spot radius in mm.mrad per mm is equivalent to rms of the transverse momentum, which is usually expressed in eV. By convenience, we prefer to quote emittance numbers in mm.mrad per mm of spot size radius. For copper cathode, the "thermal emittance" per unit spot radius is 0.3 mm.mrad per mm. Several electron beam based measurements have shown that the "cathode emittance" for copper cathode is closer to 0.6 mm.mrad per mm radius [10] [11] [12] [13] . The electron beam measurements show that the value for the Cs 2 Te "cathode emittance" is 0.6mm.mrad per mm [14] which is also larger than the "thermal emittance" estimated to be 0.43 mm.mrad per mm [15] .
The reasons for the differences between the "cathode emittance", which is a measured quantity, and the "thermal emittance" which is a theoretical value, are not yet clearly explained. As indicated in equation (18), the surface roughness, the scattering of the electrons, the oxidation of the surface, the two photon absorption are potential causes. As the "cathode emittance" is proportional to the radius of the laser spot, the smallest viable radius spot size helps reducing dramatically the emittance. Two mechanisms establish a lower limit to the radius. The first one depends on the maximum surface charge density on the cathode and is referred to as the "space charge limit" (and is an image charge effect). The second one is the maximum tolerable space charge force imposed by high charge density.
2-3-2 Space charge limit
The "space charge limit" is set by Gauss's law, eq. (19) . It says that attractive electric field Es generated from the cathode surface charge density prevents the electron from leaving the 
Due to the finite emission time of the 10ps long bunch, the total bunch charge is not present instantaneously on the surface and this criterion is slightly relaxed as shown in the simulations and summarized in figure 6.
2-3-3 Non-linear space charge force
The second mechanism imposing a minimum on the radius is the direct space charge force.
The charge density and the space charge force increase quadratically with the radius. If the amplitude of the non-linear space charge force is large, the space charge induced emittance increase scales like r -2p , with 1<p<2, where r is the laser spot, if no other parameter is modified. There is no such emittance scaling law for the ellipsoidal case since the non-linear space charge forces are zero.
Therefore, for the cylindrical shape laser pulse, the optimum radius results from a compromise between tolerable space charge force, which is synonymous with non-linear space charge force, and "cathode emittance". This compromise is summarized as equation (22). For the LCLS photoinjector, the optimum tuning corresponds to an equal combination of "cathode emittance" (for 0.7 mm-mrad) and the non-linear space charge emittance (for 0.7 mm-mrad). The total minimum emittance is 1 mm-mrad. A smaller emittance of 0.85 mmmrad can be obtained if the "cathode emittance" is reduced to 0.5 mm-mrad by using a smaller radius of 0.85 mm instead of 1.2 mm. But the laser pulse length has to be stretched to a 20ps pulse duration [16] . Because of this longer pulse, this solution does not meet the 100A peak current requirement. The 0.85 mm.mrad is the ultimate minimum for the LCLS injector run with 1nC because a further reduction of the radius requires longer bunches and thus increasing the RF emittance to a significant level. The RF emittance grows like the volume times the bunch length as shown in equation (23).
2-3-4 RF emittance
The RF emittance has been described analytically in [17] , from which we can extract formula (23), which shows that the RF emittance is proportional to the product of the beam volume and the rms bunch length σ z .
Since the space charge induced emittance growth can totally be suppressed with ellipsoidal pulses, a numerical evaluation of the RF emittance can be done by setting the "cathode emittance" to zero. For the LCLS case, it was determined that the RF emittance is smaller than 0.15 mm.mrad. Obviously, this method underestimates the RF emittance, as the beam size σ r along the gun is slightly smaller than when the "cathode emittance" has been included.
SIMULATIONS
Numerical results obtained with PARMELA [18] are discussed for the photoinjectors of the planned LCLS and TESLA X-FEL facilities. The photoinjector beamline for the TESLA XFEL is presently operated at TTF2. The major parameters for those systems are described in table 1. The comparison of performances between the cylindrical and the ellipsoidal cases is done maintaining the peak current of 100A for the LCLS and 50A for the TTF2 case.
3-1 Optimization of LCLS beamline with ellipsoidal pulse
For the LCLS injector, with the cylindrical shape laser pulse, the minimum emittance was obtained for a combination of a laser pulse duration of 10ps and a 1.2 mm radius at the cathode. At the cost of reducing the peak current, smaller emittances could be obtained with longer pulses and smaller radii.
The A sensitivity study was performed for the LCLS beamline. The emittance varies much more slowly with injection phase and solenoid field for the ellipsoidal pulses than for the cylindrical shape. The variation of emittance with launch phase and with solenoid field are given in figure 5 for the ellipsoidal pulse. Similar curves are given in [19] [20] for the cylindrical case.
3-2 Optimization of TTF2 beamline with ellipsoidal pulse
The optimization of the TTF2 beamline (simulations for L-Band gun) was also done by adjusting primarily the solenoid strength and injection phase. The R and L laser pulse shapes were the optimum values determined in the cylindrical case, i.e. a radius R of 1.5 mm and a pulse duration of 20ps [16] . To achieve perfect emittance compensation, with a final emittance approaching the cathode emittance value, it was necessary to modify the solenoid field profile. To facilitate the computation, the same solenoid field distribution was used but it was shifted longitudinally so that the rising edge would be closer to the cathode by 2.5 cm.
With this modified field profile, a final emittance close to the cathode emittance could be achieved as shown in figure 8a . A similar field profile could be realistically produced [20] .
This result proves that with a gradient field as small as 40MV/m a perfect emittance compensation can be achieved. Incidentally, running TTF2 with a 60MV/m gradient would permit operation with smaller R and thus smaller final emittance. We would like to warn the reader that the simulation results presented here have two issues: -first the "thermal emittance", i.e., theoretical value of 0.43 mm.mrad was used instead of the recently measured "cathode emittance" of 0.6 mm.mrad per mm -the reference file used for the cylindrical laser pulse was not perfectly optimized as suggested by [20] .
Those results prove that the final emittance can match the "cathode emittance" in an injector based on an L-Band gun running at 40MV/m peak current.
3-3 Additional benefits of ellipsoidal laser pulses
The impact of the Shottky effect is reduced with the ellipsoidal case compared with the cylindrical case. Nonetheless, the small corrections required on the fluence along the pulse length can be contemplated once shaping techniques are available for ellipsoidal pulses.
When the cathode emittance is the only significant emittance source, the emittance scales with Q 1/2 and not Q 4/3 as in the high charge regime [22] . This makes the brightness independent of the charge.
The longitudinal phase space is linear as shown in figure 4 . This is beneficial in the downstream acceleration and compression process. Nonetheless, laser pulse shaping should then also be considered mindful of downstream issues such as compressor requirements.
ELLIPSOIDAL LASER PULSES
In this section we consider longitudinal and transverse laser pulse shaping issues.
With a copper and Cs 2 Te photocathode in mind one can assume that the central wavelength is in the UV spectral region (255 nm for example). For other cathode such as GaAs, IR irradiation would be used. We do not propose a technique for achieving the laser pulse shape specified in equation (2) (3) (4) (5) (6) (7) (8) (9) (10) . What is presented here are considerations intended to expose important technical issues and limitations and to motivate targeted development. We make reference in what follows to three technical concepts: spectral masking of chirped waveforms, temporal stacking of multiple laser beamlets, and laser controlled spatial filtering in a pump-probe configuration.
Spectral Masking of Chirped Waveforms
The efficacy of spectral masking to control the transverse beam shape and diameter can be considered in terms the uniqueness of the time-space (one dimensional) correlation downstream of a diffraction grating in the plane of dispersion. Uniqueness limits are attributed to the nonzero beamsize projected on the grating and can be evaluated with a uniqueness function, U. The space-time correlation in question is attributed to the spectrum-time correlation (chirp) of the waveform incident on the grating and the space-spectrum (one dimensional) correlation established by grating diffraction. More specifically, we consider position along the intersection of two orthogonal planes; the dispersion plane of the grating (orthogonal to the direction of its grooves) and a plane parallel to the grating but located at some distance, D from the grating surface (measured parallel to the grating surface normal).
The appropriate mask is located at this intersection of the two planes (referred to as plane 'D') with its long dimension in the plane of spectral dispersion. For a single grating U is defined as follows:
where m is the order of diffraction σ is the groove density (per unit length) δλ is the spectral bandwidth α is the incident angle on the grating a is the beam size For example, the uniqueness is 90% ( U=0.9) for m = 1, σ = 3600 grooves/mm, D = 5 meters, a = 6mm, α cos ≈ 1, and δλ = 3 nm. This means that the precision of the time-space correlation in plane 'D' is 1-U which is 10% in this case. It is clear that (for a given grating and incident angle,α ) broad spectral bandwidth, small beam size at the grating, and long distance, D are desirable for maximizing uniqueness.
The mask can then determine beam size and shape for the dimension orthogonal to the dispersion plane which corresponds to the short dimension of the mask (this is the 'x' direction and this mask is referred to as the 'x' mask). It is not possible to directly continue this type of masking in the 'y' direction (with a second grating placed immediately after the first one) without first reconstructing the pulse by recombining the spectrum. This is because the time-space correlation would no longer be one dimensional after the second grating. After the 'x' masking, we reconstruct the input pulse with a compressor configuration (referred to as the 'x' compressor). The 'x' mask in plane D x would be placed near the second grating of the 'x' compressor.
To shape the 'y' dimension we would need a second or 'y' compressor configuration with a 'y' mask and a dispersion plane at D y that is orthogonal to that used with the 'x' mask. A two stage compressor system like this is characterized by very large temporal compression of a laser pulse due to its large negative group velocity dispersion (GVD).
Therefore upstream of the compressor pair a stretcher is needed with comparably large positive GVD to establish the highly chirped input waveform. This stretcher will also be necessarily large. One can consider a folded or four-pass stretcher system. The combined group delay established by the stretcher plus compressor determines the chirp of the final shaped laser pulse that is to irradiate the photocathode. A 10 picosecond UV pulse (of central wavelength 255 nm) with a 3 nm bandwidth has a chirp of 3 psec/nm (linear estimate). For example, with the 5 meter spacing, the compressor pair (with 3600 grooves per mm) with grazing incidence angles can impose time delays +1,763 psec/nm. To obtain the resultant 3 psec/nm chirp, the stretcher would have to generate delays at the -1,760 psec/nm level. In theory this could be obtained at this UV wavelength with similar gratings to those used in the compressor stage and with a spacing of several meters. Large diameter optics are required.
Because D is very large, spatial masks will be large. For example, at a 5 meter distance the long dimension of the mask should be at least 60 mm for a 3 nm bandwidth.
The details of the spatial masks (such as material composition and size limitations) for application to the UV spectral region are not identified yet. The efficiency of the spectral masking approach is also of major concern. The mask and grating efficiencies are the limiting factors. For example, with UV irradiation we anticipate the combined grating efficiency to be extremely low (of order 10 -5 ) for the folded stretcher plus the two-stage compressor. It is clear that implementing a spectral masking approach would be expensive, complicated, large, and inefficient. This combination of attributes can be prohibitive. The large stretcher plus compressor pair combination is not recommended.
Temporal Stacking of Multiple Beamlets
The pulse temporal stacking approach requires the summation or stacking of multiple beamlets, each of which has a specified time delay, transverse radius and pulse energy.
Assume that each beamlet is temporally Gaussian but transversely uniform (flattop). Fluence would then be held constant in time only in a discrete way (beamlet peak-to-beamlet peak).
The summation in the overlap region partially smoothes the discrete fluence levels. Use of a grating pair provides collimated input to the spectral filter. A spectral mask placed downstream from the second grating can generate beamlets of durations much less than the chirped input and each with a slightly different central wavelength. Because the input to the grating pair for spectral filtering is chirped, an upstream stretcher is also required. Interference effects will introduce additional intensity and power variations (ripples) which can be minimized by alternating beamlet polarization between 'S' and 'P' cases.
Normally incident photocathode irradiation is desirable if alternating polarizations are used.
Large reflective optics can then be used to steer multiple beamlets to a photocathode with minimal variation of the incident angle. Beamlets could be grouped into 'clusters' with each cluster using different final reflective optics that are located symmetrically around an electron beamline. Complexity, size and cost can escalate rapidly with the number of beamlets used (for example, 10 or more). Fluence is not preserved continuously in time.
Interference considerations limit irradiation to normal incidence and their effect can introduce unwanted 'ripples' in the intensity and power temporal profiles. The efficiency of the combined gratings alone (input stretcher plus grating pair) is at the 10 -2 level for UV wavelengths.
Laser-Controlled Spatial Filtering
Optically controlled spatial filtering introduces different complexities. We address briefly issues associated with a pump-probe approach to dynamic spatial filtering in which the pump pulse is the 'control' pulse and the probe pulse is the one that irradiates the It is generally known that laser-induced effects can alter transmissive and reflective behaviour and therefore affect some control of optical properties of materials. However, laser controlled spatial filtering would require rapid control of refractive indices at high irradiance levels where material damage is also a major concern. Furthermore, adequately rapid refractive index dynamics can impose significant spectral shifts and structure on the probe pulse. It should also be noted that reflective schemes based on semiconductor carrier density excitation would require very high electron-hole densities (above critical levels which are of order 10 21 cm -3 at one micron).
The three concepts discussed above, spectral masking, temporal stacking, and laser controlled spatial filtering, expose some of the major technical challenges for generating ellipsoidal laser pulses.
DISCUSSION AND CONCLUSIONS
This paper has described the great benefits of ellipsoidal photo-electron bunches in photoinjectors operated in the space charge dominated regime. In this regime, the emittance will be dominated by the cathode emittance as the space charge emittance is suppressed and the RF emittance is negligible. Due to the space charge limit, the emittance would follow a Q 1/2 law, where Q is the charge. This would make, in the high charge regime, the brightness independent of charge. This is of major importance if high flux and average brilliance are the figures of merit for a facility such as an ERL.
The impressive reduction of close to 50% for both the projected emittance and the slice emittances, the low sensitivity of the emittance to variation in major parameters and the linearization of the longitudinal phase space make ellipsoidal photo-electron bunches very attractive. It has proven that the cylindrical shape is not the optimal laser pulse to drive space-charge dominated photoinjectors. Producing ellipsoidal laser pulse shapes at the photocathode remains a challenge that warrants closer examination. Freq.
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